INTRODUCTION
Water, with its central role in biological processes, is the key life-limiting parameter. Therefore, low amount of biologically available water (low water activity [aw] ) represents one of the most pervasive stresses for biological systems, as only specially adapted organisms can thrive at such conditions. Tolerance of low water-activity is apparent in only ten out of 140 known orders of fungi, most of them belonging to the Ascomycota (d e H o o g , Z a l a r et al., 2005), while xerotolerance is rare in the phylum Basidiomycota. Xerophilic fungi are capable of growth at water activity below 0.85, corresponding to 17% NaCl, or 50% glucose added to the growth medium (G u n d e -C i m e rm a n , O r e n et al., 2005). Fungi are not only being capable of growing at low aw, but they also show preferences for certain chemical nature of the solute lowering the aw (d e H o o g , Z a l a r et al., 2005; G u n d e -C i m e rm a n and P l e m e n i t a š , 2006), as xerophilic fungi are able to live in the environments rich in sugar, while halophilic live in the environments rich in salt. Halotolerance and extreme halotolerance describe the salt-adaptable fungi that do not necessarily require salt (NaCl) for viability, but are able to sustain a range of different salt concentrations, even across the whole salinity range -from fresh water to NaCl saturation (G u n d e -C i m e r m a n and P l e m en i t a š 2006). An obligate halophilic character is possessed by only few fungal species that exhibit superior growth on media with NaCl as controlling solute (W h e e l e r , H o c k i n g et al., 1988 ; Z a l a r , d e H o o g et al., 2005; K r a l j K u n č i č , K o g e j et al., 2010).
Xerophilic fungi were first only known as domestic extremophiles that contaminate food preserved by the reduction of biologically available water by means of drying, freezing or adding solutes (P i t t and H o c k i n g 1977; P i t t and H o c k e r i n g , 2009). Natural saline and hypersaline environments, where high concentrations of NaCl are prevailing, were believed to be populated almost exclusively by bacteria, archaea and eukaryotic alga Dunaliella salina (R o d r i g u e z -Va l e r a , R u i z -B e r r a q u e r o et al., 1981; S c h i e we r , 1991; O r e n , 2005), until fungi as active inhabitants of solar salterns were first reported (G u n d e -C i m e r m a n , Z a l a r et al., 2000).
Later numerous halotolerant and extremely halotolerant fungi (Z a l a r , d e H o o g et al., 1999; G u n d e -C i m e r m a n , Z a l a r et al., 2000; B ut i n a r , S a n t o s et al. , 2005) were isolated from hypersaline water of the Sečovlje solar salterns (Adriatic coast, Slovenia). Since the first discovery of fungi in salterns, numerous fungal species thriving in extremely saline environments around the globe have been described, amongst them xerophilic and halophilic species of the genus Wallemia, and are in the focus of the above review. Wallemia sebi commonly causes allergological problems resulting in farmer's lung disease (L a p p a l a i n e n , P a s a n e n et al., 1998; R o u s s e l , R eb o u x et al., 2004) and has been proved to be, although rarely, the causative agent of cutaneous or subcutaneous infections in humans (d e H o o g and G u a r r o , 1996).
Ecology of the
In order to clarify unresolved phylogenetical position of the genus Wallemia within the fungal kingdom (W u , T s u m u r a et al., 2003), as well as its taxonomy and ecology, a large group of strains collected globally from food preserved with low aw (e.g. peanuts, cakes, dried fish), different extreme ecological niches (hypersaline waters of the Dead Sea and salterns of the Red Sea, Dominican Republic and Slovenia), and from some medically relevant samples (e.g. chronic ulcerative skin lesion of human and hay sample associated with livestock toxicosis) were studied. Morphological and physiological characteristics were analyzed, as well as the sequence data of ribosomal DNA internal transcribed spacer regions 1 and 2 (ITS1 and ITS2 rDNA) including the 5.8S ribosomal DNA (5.8S rDNA). Based on the unique morphology, evolution and xerotolerance, a new basidiomycetous class, Wallemiomycetes, covering an order Wallemiales was proposed (Z a l a r et al., 2005) . In addition, molecular data from six nuclear genes (18S, 25S, and 5.8S rDNA and genes coding rpb1, rpb2 and tef1 nuclear proteins) reinforced the isolated position of Wallemia in the Basidiomycota and suggested that class Wallemiomycetes is an early diverging lineage of Basidiomycota as it occupies a basal position near the Entorrhizomycetidae (M a t h e n y , G o s s m a n n et al., 2006) . Based on differences in conidial size, xerotolerance, and sequence data of the ITS rDNA, three Wallemia species were segregated, named W. ., 2010) . The fact that it can only thrive in the media with NaCl above 1.7 M and up to the saturation (5.3 M NaCl) makes it one of the most halophilic fungi known today. Wallemia sebi is capable of growth over a wider range of aw (0.997 -0.69) in glucose/fructose media (P i t t and H o c k i n g , 1977), but in media with NaCl as the major solute, the lowest aw for growth was reported to be 0. Adaptations of the Wallemia spp. to the life at high concentrations of salt Life in the environment with high concentrations of NaCl is stressful not only due to high osmotic pressure but also due to the toxicity of the sodium ions. As the cytoplasmatic membrane is freely permeable to water, this situation leads to subsequent dehydration and cessation of growth unless the organism has the means to adapt physiologically and morphologically to such an environment (G a l i n s k i , 1995). Mechanisms of salt-tolerance in fungi have been mostly studied in salt-sensitive Saccharomyces cerevisiae (B l , 2008) . The latter is currently being a model organism for eukaryotic halophily studies. The response of eukaryotic cells to environmental stress involves complex alterations in gene expression which leads to metabolic changes and subsequent adaptation to the new conditions (Ya l e and B o h n e r t , 2001; P e t r o v i č , G u n d e -C i m e r m a n et al.,
2002; V a u p o t i č and P l e m e n i t a š , 2007
). An important level of adaptation is balancing the osmotic pressure of the medium by accumulating and/or synthesyzing organic compatible solutes and maintaing low salt concentration within cytoplasm (O r e n , 1999) . Additional adaptations at the levels of plasma membrane composition (P e t r o v i č , G u n d e -C i m e r m a n et al., 1999; T u r k , M e j a n e l l e et al. Morphological adaptations to moderate and high NaCl concentrations of Wallemia spp. have been only recently studied (K r a l j K u n č i č , K o g e j et al., 2010). The combination of light, focused-ion-beam/ scanning and transmission electron microscopy revealed an impact of high concentrations of NaCl on the cell morphology of Wallemia spp. Hyphal compartments of W. sebi and W. muriae were thicker and shorter and mycelial pellets were larger at high salinity.
Wallemia ichthyophaga differs from the other two Wallemia spp. not only from the molecular aspect, but also from the aspect of morphology, since it forms sarcina-like multicellular clumps composed of compactly packed spherical cells. The size of the cells did not respond to increased salinity, whereas multicellular clumps became significantly larger. The ability to grow meristematically, or in the form of multicellular clumps, is hypothesized to greatly enhance the survival in stressful environment (W o l l e n z i e n , d e H o o g et al., 1995; P a l k o v a and V a c h o v a , 2006). The presence of extracellular polysaccharides (EPS) observed in all three Wallemia spp. is involved in the protection against desiccation in rock-inhabiting fungi (S e l bm a n n , d e H o o g et al., 2005) and might also have a protective function at high salinities. An increase in the thickness of the multilayered cell wall at higher salinities occurred in all three, but it was especially pronounced in W. ichthyophaga, which had extremely thick cell wall compared to W. sebi and W. muriae. The thickened cell wall of the W. ichthyophaga is rather an exception in the so-far-known fungal responses to extremely saline conditions (K r a l j K u n č i č , K o g e j et al., 2010). The unique morphological adaptations of Wallemia spp. to high NaCl, such as increase in cell wall thickness and size of multicellular clumps or mycelial pellets, which were pronounced at high NaCl concentration (K r a l j K u n č i č , K o g e j et al., 2010), were interestingly less apparent at high glucose concentrations (our unpublished data). To conclude, morphological phenomena observed in the above studies are believed to have an important role for successful growth in extremely saline conditions (K r a l j K u n č i č , K o g e j et al., 2010).
As we realized from our preliminary results obtained by NMR and HPLC measurements, all three Wallemia spp. accumulate polyols, among which glycerol is the most significant, in response to increased salinity in the environment (our unpublished data). This is a common strategy of osmoadaptation of other fungi, as well as extremely halotolerant black yeast H. werneckii (P e t r o v i č , G u n d e -C i m e r m a n et al., 2002; K o g e j , S t e i n et al., 2007). As we have discovered from atomic absorption spectroscopy (AAS), cells of Wallemia spp. keep intracellular cationic (Na + and K + ) concentrations low in the environments with high concentrations of salt, and are, therefore, considered as Na + -excluders (our unpublished data). So far, only halotolerant yeast D. hansenii has shown to maintain relatively high internal concentrations of sodium when coping with salt stress together with production and intracellular retention of compatible solutes, particularly glycerol (P r i s t a , A l m a g r o et al., 1997). In addition to that, a key enzyme for glycerol biosynthesis and redox balancing, Gpd1 (glycerol-3-phosphate dehydrogenase) in W. ichthyophaga was identified and characterized. Similarly to S. cerevisiae (A n s e l l , G r a n a t h et al., 1997), levels of mRNA of WiGPD1 in cells adapted to different salinities showed a gradual increase in the transcript at higher salinities, with the maximum at 4.5 M (25% w/v) NaCl and responded to saline stress. Comparison of WiGpd1 and Gpd1 from S. cerevisiae revealed high overall amino-acid similarity, but more importantly, the N-terminal PTS2 sequence which was important for peroxisome localization (J u n g , M a r e l l i et al., 2010) was found to be lacking in the case of W. ichthyophaga (and H. werneckii) homologue. Constant cytosolic localization of the Gpd1 has appeared to be beneficial for the organisms living in extremely saline environments due to its function in osmotic stress (L e n a s s i , Z a j c et. al., 2011, paper in press).
Bioactive potential of the genus Wallemia
Research of the production of biologically active compounds has been focused on mostly cosmopolitan fungi, while halotolerant and halophilic fungi, such as W. muriae and W. ichthyophaga, have been so far ignored. Toxicity of the culture filtrate of cosmopolitan W. sebi for HeLa cell lineage, (S a i t o , O h t s u b o et al., 1971) and in other biological tests was observed earlier (W o o d , 1984) . Two related tricyclic dihydroxysesquiterpenes were reported to be isolated from W. sebi, designated walleminol A and walleminol B, or walleminone that were toxic to certain cell lineages, protozoa and brine shrimps. The minimum inhibitory dose of walleminol A in the bioassays was approximately 50 micrograms/ml, which was comparable with a number of mycotoxins, such as citrinin and penicillic acid (W o o d , M a n n et al., 1990). Additionally, two components were identified in W. sebi, namely azasteroides UCA 1064-B (C h a m b e r l i n , C h a n e y et al., 1974) and UCA 1064-B (T ak a h a s h i , M a r u t a et al., 1993), that both exhibited antibacterial and antimycotic activity, while only UCA 1064-B showed anti-tumor activity.
Our recent study on screening of fungi from extreme environments, including all three Wallemia species for the production of haemolytic and antibacterial activities, indicated that selected halotolerant and halophilic species synthesized specific bioactive metabolites under stressful conditions. They were cultivated under controlled conditions (low concentrations of NaCl, glucose and optimal growth temperature) and under conditions with lowered aw, high concentrations of NaCl or glucose, and at low temperature. Water and organic (acetone and methanol) extractions of the biomass were evaporated and dissolved in the appropriate solvent, water or ethanol, and used for biological assays.
Water extracts showed no biological activity, regardless of the growth conditions, suggesting that these organisms do not synthesize proteins or other polar molecules with haemolytic or antibacterial activity (S e p c i c , Z a l a r et al., 2011). The organic extracts showed haemolytic and antibacterial potential that was considerably higher if the fungi were exposed to stressful growth conditions. W. ichthyophaga showed higher haemolytic activity when organic extracts were obtained from the cultures grown at high concentrations of glucose, and higher antibacterial activity at high concentrations of NaCl and glucose. Interestingly the haemolytic potential of the organic extracts of W. muriae and W. sebi was considerably higher if they were exposed to low temperature (10 °C). Enhancement of this kind was not observed for antibacterial activity as it occurred at low temperature and high concentrations of glucose for W. muriae and for W. sebi, even in the case of cultivation under controlled conditions. All the active extracts exclusively inhibited growth of Gram-positive bacterium Bacillus subtilis, while growth of Gram-negative Escherichia coli remained unaffected. Taken together, low aw induced the production of bioactive metabolites in xerophilic Wallemia spp., what may have, besides contribution to territorial competition, a yet-to-be described protective role in the adaptation to the environments with low aw (S e p c i c , Z a l a r et al., 2011).
A novel model organism for eukaryotic halophily studies
The species of the genus Wallemia are able to thrive at aw lower than most of the known fungi, and the obligative halophilic character of W. ichthyophaga is exceptional not only in the phylum Basidiomycota but in the whole fungal kingdom. Our studies have so far revealed some unique morphological adaptations, especially regarding the cell wall, which enable Wallemia spp. to thrive in extremely saline environments. Thus, it represents the potential model organism for studies of eukaryotic halophily. Additional research on the adaptations to different stress, on a molecular level, will presumably give rise to new biotechnological applications for designing salt tolerant yeasts and plants. Nevertheless, Wallemia spp. are also interesting due to their production of bioactive metabolites with broad spectrum of activities (antibacterial, antifungal, antitumor and haemolytic). Wallemia spp. are commonly involved in the spoilage of foods with low aw, and the presence of walleminol A has already been found in the food contaminated by W. sebi (M i t c h e l l , G o df r e e et al., 1999). Therefore, their bioactive potential should also be considered in the food quality control.
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